ABSTRACT. Oryzias latipes (Adrianichthyidae), known as Japanese medaka or Japanese killifish, is a small 2-4 cm long fish common in rice paddies in coastal Southeast Asia and is also a popular aquarium fish. It has been widely used as a research model because of its small size and because it is very easy to rear. Alkalinity stress is considered to be one of the major stressors on fish in saline-alkaline water. As very little is known about molecular genetic responses of aquatic organisms to alkalinity stress, we examined genome-wide gene expression profiles of Japanese medaka in response to carbonate alkalinity stress. Adult fish were exposed to freshwater and high carbonate alkaline water in the laboratory. We designed a microarray containing 26,429 genes for measuring gene expression change in the gills of the fish exposed to high carbonate alkalinity stress. Among these genes, 512 were up-regulated and 501 were downregulated in the gills. These differentially expressed genes can be divided into gene groups using gene ontology, including biological processes, cellular components and molecular function. These gene Transcriptomic profile of O. latipes after alkalinity stress groups are related to acid-base and ion regulation, cellular stress response, metabolism, immune response, and reproduction processes. Biological pathways including amino sugar and nucleotide sugar metabolism, porphyrin and chlorophyll metabolism, metabolism of xenobiotics by cytochrome P450, drug metabolism, aminoacyl-tRNA biosynthesis, glycine, serine and threonine metabolism, ascorbate and aldarate metabolism, pentose and glucuronate interconversions, glutathione metabolism, and fructose and mannose metabolism were significantly up-regulated. Alkalinity stress stimulates the energy and ion regulation pathways, and it also slows down the pathways related to the immune system and reproduction.
INTRODUCTION
Carbonate alkalinity stress is considered to be one of the major stressors on fishes in saline-alkali water. Carbonate alkalinity stress on fishes is related to acid-base regulation (Perry and Gilmour, 2006) and excretion of carbon dioxide (Randall and Tsui, 2006) , and is dependent on ionic regulation and osmoregulation in fishes as well (Goss et al., 1994) . Major problems for fishes living in alkaline water are that high pH may inhibit ammonia excretion, and increase CO 2 excretion (Parra and Baldisserotto, 2007) . A number of studies have reported that high carbonate alkalinity induces mixed respiratory and metabolic alkalosis in freshwater fish (Wilkie and Wood, 1996) .
In an extreme natural alkaline environment, some fishes have developed special strategies to adapt to high alkalinity and pH. For example, Lake Magadi tilapia (Tilapia grahami) excretes all of its waste nitrogen as urea (Wilkie and Wood, 1996) ; Lahontan cutthroat trout (Oncorhynchus clarki henshawi) is able to survive in alkaline water because of its ability to reduce ammonia production and possibly stimulate Cl -/HCO 3 -exchange in the gills by branchial cell chloride proliferation (Wilkie and Wood, 1996) , and the scale-less carp (Gymnocypris przewalskii) reduces NH 3 production, and accumulates this metabolite in the muscle to attenuate levels in other tissues, and possibly incorporates NH 3 into amino acids (Wang et al., 2003) .
In order to acclimate to environments with varied salinities, diverse ion compositions, and varied pH, fishes must have highly efficient ion and osmoregulatory mechanisms (Hwang and Lee, 2007) . Ion transportation is an essential function in many animal tissues to modulate ion flux in response to changes of internal and external environments (Scott et al., 2004) . The gill is the major site of acid-base regulation in most fish species (Claiborne et al., 2002) . Acid-base transfer across the gill is dominated by carbon dioxide (Randall and Tsui, 2006) . It is likely that long-term regulation of acid-base balance in fish exposed to alkaline water is dependant upon the independent modulation of Na + and Cl -movements across the gill epithelium (Wilkie and Wood, 1996) .
Fishes need complex changes in physiological and gene regulatory networks, and numerous cellular pathways to acclimate to environmental stressors (Fiol and Kültz, 2007;  period with acidimetric titrations, and expressed as mM. Exposure tests were conducted in 15-L flow-through tanks (14 cm x 10 cm x 8.5 cm) containing about 10 L of the test solution, each with 15 adult fishes. The 90% solution in the test tanks was changed daily. The fish were exposed to freshwater (FW) (carbonate alkalinity = 1.5 ± 0.1 mM, pH = 8.4 ± 0.2, pCO 2 = 4 ± 1 torr) and alkaline water (AW) (carbonate alkalinity = 30.4 ± 0.4 mM, pH = 9.2 ± 0.0, pCO 2 = 2 ± 1 torr) for 96 h, each treatment had three tanks, each with 15 fish. The alkalinity concentration (30.4 ± 0.4 mM) was tested because our previous study indicates that development of medaka was greatly affected at this alkalinity concentration (Yao et al., 2010) . Photoperiod was 16-h light:8-h dark. Water temperature was controlled at 26° ± 1°C with a heater. The fish were not fed during the stress experiment. At the end of exposure, the gills of 3 adult fishes in each tank were sampled, and immediately frozen in liquid nitrogen, then stored at -80°C for gene expression analysis. Altogether, gills of 9 fish in FW and 9 fish in AW were sampled.
Oxygen consumption and plasma chemistry analysis
Oxygen consumption of medaka exposed to FW and AW for 96 h was examined. Respirometry trials were conducted in six 0.6-L respirometry chambers (3 for FW, 3 for AW) through which water flowed at a constant rate of 75 mL/s by an external submersible pump. Water was internally recirculated by an internal pump continually at a flow rate of about 75 mL/s. The respirometer was submerged in water to keep temperature constant at 26 ± 1°C. The fish for the respirometry trials did not feed 24 h prior to the trials. Fifteen fish were placed in each of the 0.6-L respiration chambers for 96 h. An oxygen probe (YSI 6562, Yellow Springs, OH, USA), calibrated with air-saturated water and zeroed with sodium bisulfate-saturated water, was inserted in the recirculation tube to monitor oxygen concentration of the bypassing water. The external water stopped flowing through the chambers when internal water oxygen concentration reached the target level. Water oxygen concentration in mg/L was recorded every 20 s. Measurements of oxygen consumption lasted 10-30 min, depending on the size of the fish and swimming speed, which was long enough to record a change of 0.5-2.0 mg O 2 /L, but without decreasing the dissolved oxygen concentration below 80% saturation during any measurement. Oxygen consumption was expressed in terms of wet weight of the fish (mg O 2 ·kg -1 ·h -1 ). After respirometry trials, the fish were anaesthetized by buffered MS-222 (about 0.5 g/L). Afterwards, 10 fish from each chamber were selected, and their tails were cut off and blood was collected with a glass capillary tube (Hirschmann Laborgeraete, Eberstadt, Germany). The blood collected from 10 fish was pooled and centrifuged at 10,000 g for 30 s. The plasma was collected and used for examining osmolality by a vapor pressure osmomery (Wescor 5520, South Logan, UT, USA). The statistical significance of differences between the two treatments was determined with the Student t-test.
RNA extraction
Total RNA was extracted from 50~100 mg gills from 9 fish in FW and 9 fish in AW using Trizol (Invitrogen, Burlington, ON, Canada) isolation reagent following manufacturer instructions. Total RNA and RNA quality were determined spectrophotometrically (Agilent
Microarray hybridization
Microarray analysis was performed on adult medaka exposed to FW and AW. Sample labeling and hybridization were performed according to the Agilent one-color microarray-based gene expression analysis protocol. Six 44k Agilent test arrays were hybridized with pooled Cyanine-3 (Cy3)-labeled cRNAs gained from the gills of medaka exposed to FW and AW. This microarray design resulted in three arrays for each of the FW and AW treatments. The amplification protocol was started with 2 µg RNA. The pooled RNAs from the gills of all fishes of each replicate of the treatments were labeled using the One-Color low RNA input linear amplification kit (Agilent) according to manufacturer instructions, followed by RNAeasy column purification (QIAGEN, Valencia, CA, USA). Dye incorporation and cRNA yield were evaluated with the NanoDrop ND-1000 Spectrophotometer (Wilmington, DE, USA). Then, the labeled cRNA was prepared for fragmentation by adding 11 μL 10X blocking agent and 2.2 μL 25X fragmentation buffer, heated at 60°C for 30 min, and finally diluted by addition of 55 μL 2X GE hybridization buffer. A volume of 100 µL hybridization solution was then dispensed in the gasket slide and assembled to the microarray slide (each slide containing four arrays). Slides were incubated at 65°C in an Agilent hybridization oven for 17 h, subsequently removed from the hybridization chamber, quickly submerged in GE wash buffer 1 to disassemble the slides and then washed in GE Wash Buffer 1 for approximately 1 min followed by one additional wash in pre-warmed (37°C) GE Wash Buffer 2.
After washing, the arrays were scanned on an Agilent G2565BA DNA microarray scanner (Agilent) at a resolution of 5 µm. The same slide was scanned twice at two different sensitivity levels (XDR Hi 100% and XDR Lo 10%). The two generated images were analyzed together and data were extracted and background subtracted using the standard procedures contained in the Agilent feature extraction software 9.1.
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Array data analysis
Hybridized microarrays were scanned and visualized using an Agilent 2565BA DNA microarray scanner. The scanned images were analyzed with the feature extraction software 9.1 (Agilent). Among these measures the feature extraction software 9.1 flag was used to filter out unreliable probes. Raw data from the Agilent 2565BA were uploaded to GeneSpring GX 10 for quantile normalization. After normalization, differentially expressed genes were identified by unpaired t-test. The data addressed here have been deposited in the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO: www.ncbi. nlm.nih.gov/geo/) and are accessible through the GEO series accession No. GSE27298. Differentially expressed genes identified by the t-test were further mined for re-annotation, Gene Ontology (GO) classification and pathway elucidation using the Database for Annotation and Visualization and Integrated Discovery (DAVID http://david.abcc.ncifcrf.gov/) (Dennis Jr. et al., 2003) , and Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa and Goto, 2000) databases.
Differentially expressed genes were subjected to annotation enrichment analysis using the online functional annotation tool DAVID. Danio rerio was used as the background species. Zebrafish gene identifiers were used for this analysis to improve the richness of the output. Significance was calculated by a modified Fisher exact test. From these annotations, GO bar charts were made using 2nd level GO terms based on biological process, molecular function and cellular component. DAVID functional annotation clustering was used to classify the gene functions.
Gene expression analysis based on real-time RT-PCR
To test whether the changes in gene expression detected with medaka microarray were reproducible by other methods, 10 OlGI sequences were selected for SYBR-based real-time quantitative PCR (qPCR) evaluation. Primers (Table 1) were designed with the Primer 3 program (Rozen and Skaletsky, 2000) . Gene expression was assessed using SYBR-based qPCR on LightCycler 1.2 (Roche, Germany). The PCR was carried out with 1 µL cDNA, 0.2 µL of each primer and 5 µL SYBR master mix, in a total volume of 10 µL. All qPCRs were run for 1 cycle of 10 s at 95°C, followed by 40 cycles of 5 s at 95°C and 20 s at 60°C. Melting curve analysis was performed following each reaction to confirm that there was only a single product and no primer-dimer artifacts. In addition, representative samples were electrophoresed to verify that only a single product was present. The standard curve of each gene was checked in a linear range with β-actin as an internal control. Negative control reactions were performed for representative samples using RNA that had not been reversely transcribed to control for the possible presence of genomic DNA contamination. Non-template control reactions were also performed to verify that there was no cDNA, PCR product contamination or primer-dimer amplification in the reactions.
A randomly selected sample was used to develop a standard curve for each primer set, and the results were expressed relative to this arbitrary standard. All samples were run in triplicate. Expression of the different samples was normalized to β-actin. Relative changes in the expression of candidate genes were calculated by the comparative C T method (Schmittgen and Livak, 2008) . Table 1 . Primers designed for qPCR of 10 Oryzias latipes Gene Indexes.
RESULTS AND DISCUSSION
Oxygen consumption and plasma chemistry
Exposure to high carbonate alkalinity (30.4 mM) water for 96 h resulted in a high oxygen consumption of medaka (Figure 1 ). Marked increase in plasma osmolality (Figure 2 ) was observed at 96 h post-exposure. 
Alkalinity stress-responsive genes in medaka
Gene expression profiles may reflect the interaction of environmental stresses and the host transcript (Gibson, 2008) . Salinization of land and water owing to climate change has become a major problem in land and aquatic ecosystems worldwide. Alkalinity stress is considered to be one of the major stressors on fish in saline-alkali water. The detected signal intensities in the present study suggest that medaka gills had statistically significant gene expression under alkalinity stress compared to the control (P < 0.05). Tests show that 3.8% (1013 gene targets) of the features on the arrays were significantly different (P < 0.05, fold change >1.5) between the FW and AW treatment, of which 512 genes were up-regulated and 501 genes were down-regulated (see Supplementary Tables 1 and 2 ).
Functional classification of the differentially expressed genes
Most of differentially expressed genes identified in this study are listed as unknown in the annotation section of the GenBank database. Thus, we performed comparative genome analyses by retrieving these DNA sequences and comparing these genes against the KEGG database using D. rerio as the background species. In order to get more annotation information, a loose threshold (P < 0.05, fold change >1.1) was used. This process yielded zebrafish orthologs (E < 0.005) for 70% (1939) of differentially expressed medaka genes. These medaka genes were treated as known genes and their zebrafish counterparts' Entrez Gene IDs were used for GO grouping, and biological pathway analysis using D. rerio as the background species. One thousand and five differentially expressed genes match with annotated DAVID gene objects. Zebrafish IDs corresponding to differentially expressed medaka transcripts and to all genes represented on the array were then used to define a "gene list" and a "background" in DAVID. As the cut-off P value was set to count = 2 and ease = 0.1, the differently expressed genes fell into a number of GO groups on the second level.
As shown in Figure 3 , there are 10 GO groups for up-and 6 for down-regulated genes. The number of up-regulated genes was higher than that of down-regulated genes. Most of the up-regulated genes were grouped into catalytic activity, metabolic process, cellular process, cell and cell part with the highest oxygen consumption rate (Figure 1) , indicating that the alkalinity stress speeds up general metabolic and catalytic processing. The physiological responses of organisms to changes in environmental conditions, such as high CO 2 (Todgham and Hofmann, 2009), osmotic stress (Evans, 2010; Lockwood et al., 2010) , heat stress (Podrabsky and Somero, 2004) , are energetic cost processes. In many fish species it is known that acclimation to hyper-saline water leads to an over-expression of the genes participating in osmoregulation as compared to the acclimation to iso-osmotic conditions (Evans, 2010) . Indeed, fish acclimated to high carbonate alkalinity water face several pressures, including acid-base (Perry and Gilmour, 2006) , osmolality disturbances ( Figure 2 ) and ion imbalance (Goss et al., 1994) . In this case, fish must maintain their homeostasis by activating energetically expensive ionic and osmotic regulation mechanisms. This is supported by the presence of several transcripts of genes encoding for ion binding proteins, such as carbonic anhydrase, glutathione-S-transferase and beta-type globin (Table 2) . These proteins play a pivotal role in ionic regulation. On the other hand, identification of genes encoding for oxidation reduction such as cytochrome P450 suggests a high energetic demand for medaka acclimation to high alkalinity stress. Table 2 . Up-regulated genes in the gills of medaka exposed to carbonate alkalinity stress. Most of the down-regulated genes were grouped into multicellular organismal process, developmental process, transcription regulator activity, response to stimulus, extracellular region, and immune system process (Figure 3 ), indicating a decrease in disease resistance of medaka when exposed to carbonate alkalinity stress. Environmental stressors, such as salinity and heat stress, may cause immune suppression in aquatic animals (Prophete et al., 2006; Green and Barnes, 2010) , and lead to maladaptation. The presence of several transcripts of genes encoding for immune response proteins, such as major histocompatibility complex (MHC), suggests that alkalinity stress has elicited an immune response in medaka fish.
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In the section below, we describe the changes in mRNA expression in five main processes, including: acid-base and ion regulation, cellular stress response, metabolism, immune response, and reproduction (Tables 2 and 3 ). This custom category was based on the functional annotation clustering analysis by DAVID (classification stringency set as medium).
Acid-base and ion regulation
Regulation of ion transport proteins such as carbonic anhydrase, Na + , K + -ATPase and ATPase, H + transportation is essential to acid-base and osmoregulatory processes in fish (Kang et al., 2008; Gilmour and Perry, 2009) . In this study, an 8.1-and 1.6-fold increase in mRNA of the CAXV and CA (carbonic anhydrase) was found during 96 h of high alkalinity stress. Carbonic anhydrase, a zinc enzyme that catalyzes reversible reactions of CO 2 with water (Tufts et al., 2003) , is responsible for converting CO 2 into HCO 3 -and H + ions. Carbonic anhydrase plays a key role in both acid-base and ionic regulation in fish by providing the acid-base equivalents that function as counter-ions for NaCl movement and that are excreted to maintain or restore acid-base balance at both the gills and kidney (Gilmour and Perry, 2009) . Nitrogen end-products have diverse physiological functions in different animal groups, including acid-base regulation, osmoregulation and buoyancy. Animals excrete a variety of nitrogen waste products, such as ammonia, urea and uric acid. Aquatic animals excrete mostly ammonia. The major problems for fishes in alkaline water are the inhibition of ammonia excretion and increase in CO 2 excretion (Parra and Baldisserotto, 2007) . In alkali water, there is less H + available for transforming NH 3 into NH 4 + , so that the NH 3 gradient from blood to water decreases. When medaka was placed in alkali water, a transitory metabolic alkalosis may occur, which resulted in the genes in nitrogen metabolism such as highly expressed CA2 mRNA to interconvert carbon dioxide and bicarbonate to maintain acid-base balance, and to facilitate carbon dioxide transport out of the gills. The serum and glucocorticoid regulated kinase 1 (SGK-1) gene that plays an important role in ion homeostasis (Lang et al., 2006) was significantly up-regulated by high alkalinity stress. SGK-1 plays an important role in the regulation of epithelial ion transport, such as Na + handling in renal tubular of mice (Loffing et al., 2006) . This kinase is rapidly regulated at the transcriptional level. In addition, SGK-1 may influence the activities of other ion-transporters such as the Na The mitogen-activated protein kinase (MAPK) is a family of enzymes that are involved in osmosensory signal transduction in yeast, vertebrates and other eukaryotes (Kültz, 2001) . They are key elements of protein phosphorylation cascades that integrate and amplify signals from osmosensors to activate appropriate downstream targets mediating physiological acclimation (Kültz, 2001) . It plays an important role in osmosensory signal transduction in fish (Fiol and Kültz, 2007) . Under high alkalinity stress, MAPK1 and MAPK3 MAPK13 mRNA expression in medaka gill tissue were down-regulated 1.3-2.15-fold ( in MAPK expression was backed by a coincident decrease of other MAPK relevant genesphosphatidic acid phosphatase 2, together with the increase of the plasma osmolality ( Figure  2 ), indicating a stimulation of acid-base and ion regulation of madaka under alkalinity stress.
Cellular stress response
Several cellular stress response-related genes of medaka were differentially expressed during alkalinity stress, such as, protein homeostasis, antioxidant defense and toxicant, metal and xenobiotic defense ( Table 2 ). The cellular stress response is a universal mechanism of extraordinary physiological/pathophysiological significance. It represents a defense reaction of cells to environmental forces inflicted on macromolecules (Kültz, 2005) . Medaka may turn on its defense system in response to relative high alkalinity stress, but mortality increases greatly when the alkalinity exceeds its tolerance (Yao et al., 2010) . At a cellular level, cells can quantify stress and activate a death program (apoptosis) when tolerance limits are exceeded.
Metabolism
As mentioned above, the alkalinity stress speeded up general metabolic and catalytic processes of medaka. Fish gills are highly oxidative tissues, and their oxygen requirement increases when fishes are exposed to environmental stresses, such as salinity (Vijayan et al., 1996) . The energy requirement for the gills is through oxidation of glucose and lactate obtained from the circulation (Tseng and Hwang, 2008) . When fishes are exposed to alkalinity stress, the glycolysis process is up-regulated by carbohydrate metabolism (Table 2) , so medaka may spend more energy under alkalinity stress.
Lipid phosphate phosphatase (LPPs) regulates cell signaling by modifying the concentrations of lipid phosphates versus the dephosphorylated products (Brindley and Pilquil, 2009) . LPP mRNA was down-regulated under high alkalinity stress in medaka gill tissue (Table 3), which is similar to Gillichthys mirabilis exposed to hyper-and hypo-osmotic stress (Evans, 2010) .
Immune response
MHC belongs to the immunoglobulin superfamily of proteins, and interacts with the T-cell subsets through a specific T-cell receptor (TCR), and initiates the adaptive immune response (Kurosawa and Hashimoto, 1997). MHC has been studied intensively, and is consequently one of the best characterized genetic complexes in vertebrates because of its key function in the immune response. MHC gene expression is always down-regulated when medaka fish are exposed to environmental stresses, such as low temperature (Rodrigues et al., 1998) . Because MHC class II antigens play an important role in generating an immune response to bacterial and fungal pathogens, down-regulation of these genes during alkalinity stress probably accounts for the susceptibility of fish to alkalinity-related diseases such as Prymnesium parvum. How salinity or alkalinity up-or down-regulates the immune responses remains unknown. In this study, MHC class II and invariant chain-like protein I (Table 3) were downregulated when medaka was exposed to high alkalinity, indicating that the immune system response of medaka was slowed down under this kind of stress.
Reproduction
Some genes taking part in the regulation of gonadotropin gene expression were downregulated in medaka exposed to alkalinity stress. The genes involved in GnRH (gonadotropin-releasing hormone) signaling pathway including mitogen-activated protein kinase, v-src sarcoma viral oncogene homolog, and matrix metalloproteinase 14 beta were down-regulated (Table 3) . And other genes playing important roles in fish reproduction, such as corticotropinreleasing hormone binding protein and estrogen-regulated gene were down-regulated (Table  3) . Dysregulation of these genes agrees with our previous results that reproduction of medaka was inhibited under high carbonate alkalinity stress (Yao et al., 2010) .
As the cut-off P value was set to <0.05, count = 2 and ease = 0.1, we found that 10 pathways were up-regulated significantly in dealing with alkalinity stress, including amino sugar and nucleotide sugar metabolism, porphyrin and chlorophyll metabolism, metabolism of xenobiotics by cytochrome P450, drug metabolism, aminoacyl-tRNA biosynthesis, glycine, serine and threonine metabolism, ascorbate and aldarate metabolism, pentose and glucuronate interconversions, glutathione metabolism, and fructose and mannose metabolism ( Table 4 . Up-regulated pathways in the gills of medaka exposed to carbonate alkalinity stress.
Real-time PCR validation
The validation involved qPCR analysis of mRNA abundance for 10 genes. The directionality of responses to alkalinity stress obtained through qPCR is in full agreement with microarrays. As shown in Figure 4 , inductions and suppressions of the gene expression were in line with the microarray data.
CONCLUSION
To our knowledge, this is the first study employing a medaka high-density oligonucleotide microarray to detect global gene expression alterations in response to alkalinity stress. Alkalinity stress stimulated the energy and ion regulated processes, and slowed down the gene expression related to the immune system and reproduction in medaka. The alkalinity-regulated genes characterized in the present study may be convenient entry points to study the molecular basis of alkalinity stress. The physiological role of these genes in alkalinity stress response remains to be explored. In the future, how alkalinity triggers regulation of expression of these genes needs to be addressed. 
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